In Arabidopsis, leaves and flowers form cyclically in the shoot meristem periphery and are triggered by local accumulations of the plant hormone auxin. Auxin maxima are established by the auxin efflux carrier PIN-FORMED1 (PIN1). During organ formation, two distinct types of PIN1 polarization occur. First, convergence of PIN1 polarity in the surface of the meristem creates local auxin peaks. Second, basipetal PIN1 polarization causes auxin to move away from the surface in the middle of an incipient organ primordium, thought to contribute to vascular formation. Several mathematical models have been developed in attempts to explain the PIN1 localization pattern. However, the molecular mechanisms that control these dynamic changes are unknown. Here, we show that loss-of-function in the MACCHI-BOU 4 (MAB4) family genes, which encode NONPHOTOTROPIC HYPOCOTYL 3-like proteins and regulate PIN endocytosis, cause deletion of basipetal PIN1 polarization, resulting in extensive auxin accumulation all over the meristem surface from lack of a sink for auxin. These results indicate that the MAB4 family genes establish inward auxin transport from the L1 surface of incipient organ primordia by basipetal PIN1 polarization, and that this behavior is essential for the progression of organ development. Furthermore, the expression of the MAB4 family genes depends on auxin response. Our results define two distinct molecular mechanisms for PIN1 polarization during organ development and indicate that an auxin response triggers the switching between these two mechanisms.
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polar auxin transport | organogenesis | phyllotaxis I n Arabidopsis, organ primordia are initiated in a spiral manner in the periphery of the meristem. These primordia then form bulges and progressively develop into organs in a process controlled by the plant hormone auxin (1) . Before the formation of primordia, local auxin accumulation is established by a polar auxin transport system that is predominantly driven by the polarized auxin efflux carrier PIN-FORMED1 (PIN1) (2, 3) . During organ development, PIN1 polarity undergoes a dynamic change (4, 5) . Initially, PIN1 polarity points to the center of the incipient organ primordium in the L1 surface layer of the meristem and induces the local accumulation of auxin. Then, PIN1 polarity changes when the organ primordium begins to grow; in the center of the organ primordium, PIN1 polarity becomes basipetal, leading to the establishment of an auxin sink. Several mathematical models have been developed in attempts to explain the PIN1 localization pattern (6) (7) (8) (9) . Although no simple model is sufficient to encompass all of the dynamic behavior of PIN1 localization in the meristem, Bayer et al. (5) recently proposed the integration of two of these models to explain convergent PIN1 polarity and basipetal PIN1 polarization. Several genes that play a key role in auxindependent organ development have been identified; however, the molecular mechanisms that might confirm the mathematical models have not yet been identified. The pinoid (pid) and monopteros (mp) mutants display severe defects in organ formation leading to pin-shaped inflorescences; these phenotypes resemble those of pin1 mutants (10) (11) (12) . PID encodes a Ser/Thr kinase that controls PIN1 polarity through the direct phosphorylation of the PIN1 protein (13) (14) (15) . Depletion of PID results in an apical-to-basal shift of PIN1 localization in the surface of the inflorescence meristem, indicating that PID controls apical-basal PIN1 polar targeting (16) . MP encodes a transcription factor, AUXIN RESPONSE FACTOR 5 (ARF5), that mediates auxin response during organ development (17) . In addition, NON-PHOTOTROPIC HYPOCOTYL 3 (NPH3)-like proteins, including MACCHI-BOU 4/ENHANCER OF PINOID/NAKED PINS IN YUC MUTANTS 1 (MAB4/ENP/ NPY1), have been identified as key regulators of PIN localization during cotyledon development and in root gravitropism (18) (19) (20) (21) (22) . However, because their roles have been investigated only in the steady state, it is unclear how they act in a dynamic process, organ formation in the meristem. In this study, we investigated the function of MAB4 family genes in organ formation at the shoot meristem. We show that MAB4 family genes, after induction by an MP-mediated auxin response, promote organ development through the establishment of basipetal auxin flow, pointing out the importance of auxin sink during organ formation. Our findings prove the existence of two distinct molecular mechanisms for PIN1 polarization in organ development and suggest that differences in auxin responses permit these distinct mechanisms to coexist in the same developmental program.
Results and Discussion

MAB4 Family Genes Establish Inward Auxin Transport During Flower
Development. The severity of the abnormal phenotype in mab4 mutants is enhanced by mutations of other MAB4 family member genes, MAB4/ENP/NPY1-LIKE1 (MEL1)/NPY3 and MEL2/NPY5, during flower development. mab4/enp/npy1 single mutants display mild defects in organ formation including cotyledons and floral organs (18, 19, 22) . The combination of mab4 and mel1/npy3 mutations resulted in the formation of pin-like inflorescences with several leaves and fertile flowers (Fig. S1A) . In contrast, at a low frequency, mab4 mel2/npy5 double mutants developed pin-like inflorescences with several leaves and sterile flowers (Fig. S1B ).
Significance
The dynamic auxin transport driven by the auxin efflux carrier PIN-FORMED1 (PIN1) is the key element in organ formation at the shoot apical meristem. Auxin transport during organ formation consists of two distinct types: the convergence of auxin flow at the organ initiation site and the following auxin sink. Our results show that NONPHOTOTROPIC HYPOCOTYL 3-like proteins establish auxin sink, but not auxin convergence, through the control of PIN1 localization. Our study uncovers the molecular mechanism involved in auxin sink and to show its importance in organ development. Besides, we propose a model for polar auxin transport during organ formation, which has the potential to describe on a molecular level the auxin canalization hypothesis. Subsequently, we constructed mab4-2 mel1-1 mel2-1 triple mutants, and these displayed a more severe pin-like inflorescence than mab4-2 mel1-1 and mab4-2 mel2-1 double mutants ( Fig. 1 A and B) . These results were consistent with previous observation of multiple mutants between npy1, npy3, and npy5 (20) . This indicates that MAB4 family genes control flower development redundantly at the inflorescence meristem. To further investigate the function of MAB4 family genes, we compared expression of the auxin responsive marker DR5rev::GFP (23) and PIN1-GFP in the wild-type inflorescence meristem and the mab4-2 mel1-1 mel2-1 triple mutant, which has a pin-shaped meristem. In the wild-type meristem, DR5rev::GFP expression was identified only in the L1 surface layer of the flower initiation site (Fig. 1C) . As the organ primordium developed, the GFP signal was present not only in the L1 layer but also in the inner cell layers (Fig. 1 D and E) . Concomitantly, DR5rev::GFP expression in the L1 layer narrowed to a few cells (Fig. 1F) . Corresponding with this change in expression pattern, the PIN1-GFP signal was detected in the epidermis and prospective vasculature of incipient and developing flower primordia. PIN1-GFP was localized to the side of the plasma membrane closer to the center of incipient flower primordia (Fig. 1G) ; as the flower primordium bulge grew, the PIN1-GFP signal was found to be present in both the anticlinal side and the inner side of the epidermis and in the inner cells of the young organ primordium ( Fig. 1 H and I and Fig. S2 ). These results indicate that initially the concentration of auxin in the L1 surface layer of the incipient flower primordium is increased by an active pump mechanism ( Fig. 1 G-I , white arrows) and that subsequently basipetal auxin transport is gradually established from the L1 layer in the middle of the organ primordium ( Fig. 1 H and I , orange arrows). These findings suggest the presence of a two-step control of auxin flow in the wildtype meristem.
By contrast to the wild type, DR5rev::GFP was present over all of the epidermis of the peripheral region of the pin-shaped inflorescence meristem in the mab4 mel1 mel2 triple mutants; however, the GFP signals showed nonuniform intensities ( Fig. 1 J and K). Interestingly, we could not detect any DR5rev::GFP signals in the inner cells of the mutant meristem. Consistent with these observations, PIN1-GFP localization was severely disordered in the triple mutant compared with the wild type. Although PIN1-GFP was localized on the side of the cells in the L1 layer facing the center of the predicted incipient flower primordia, no PIN1-GFP signal was detected in the inner side of the plasma membrane of the mutant meristem ( Fig. 1M and Fig. S2 ). The same results for PIN1 localization were obtained by an immunolocalization analysis using a PIN1 antibody (Fig. S3) .
Taken together, these data indicate that mutation of the MAB4 family genes did not affect the pumping of auxin to the incipient organ primordium in the L1 layer, but did cause the loss of inward auxin transport from the L1 layer that acted as an auxin sink. Therefore, we suggest that MAB4 family genes have a limited role in the control of PIN1 polarization during organ formation.
MAB4 Family Genes Are Required for Continued Progression of
Flower Development. In the flank of the meristem, the cyclical changes in PIN1 expression and polarity correspond to the sites of incipient and young organ primordia (2, 4, 5) . To determine whether phyllotactic patterning is maintained in the mab4 mel1 mel2 meristem that lacks inward auxin flow, we performed threedimensional (3D) confocal microscope imaging of PIN1-GFP expression in mab4-2 mel1-1 mel2-1 inflorescence meristems. The 3D reconstructions confirmed the cyclic induction of PIN1-GFP expression that coincided with the initial formation of bulges ( Fig. 2A) . The locations of strong PIN1-GFP expression were spaced almost equidistantly in a spiral arrangement. Analysis of PIN1-GFP polarity in the mutant meristems by serial sectioning of the reconstructed 3D images (Fig. 2B) showed that PIN1-GFP polarity in the initiating bulges with strong GFP signals were oriented toward outer edge of the bulges. These results indicate that mutation of MAB4 family genes had little apparent effect on initial flower development but prevented developmental progress in the organ primordia after initiation.
To confirm this conclusion, we analyzed expression of LEAFY (LFY), a late-stage marker of flower development (24) , in mab4-2 mel1-1 mel2-1 inflorescences. LFY specifies floral fate and is directly induced by the auxin-responsive transcription factor MP in the periphery of the reproductive meristem (25) . We found that pLFY::GUS was strongly expressed around the wild-type inflorescence meristem (Fig. 2C) . However, we could not detect GUS activity in pLFY::GUS-expressing mab4 mel1 mel2 inflorescences (Fig. 2D) . These results indicate that the restriction of auxin response to the L1 layer of the mutant meristem does not enable induction of LFY expression or the developmental progression of incipient flower primordia. Taken together, our data suggest that MAB4 family genes promote flower development including floral fate specification through formation of an inward auxin flow from the L1 layer to the inner cell layers, leading to internal auxin responses in organ primordia. MP Induces the Expression of MAB4 Family Genes at the Periphery of the Inflorescence Meristem. MAB4 family genes have overlapping but slightly different expression domains in organ primordia (18) (19) (20) (21) . The proteins they encode are polarized at the cell periphery and colocalize with PIN proteins at the plasma membrane (21) . To investigate the functional domain of MAB4, MEL1, and MEL2 in inflorescences, we first conducted an immunolocalization analysis using a MAB4 antibody. As expected, the MAB4-specific signal was detected at the initiation site of organ primordia and strong expression was evident in the L1 layer and weak expression in inner cell layers; the positions of the signals colocalized with polarized PIN1 at the cell periphery (Fig. 3 A-C) . Next, we expressed functional MEL1-GFP and MEL2-GFP under the control of their own promoters and found that they were expressed at the flower initiation sites and were polarized in the same manner as MAB4 (Fig. S4) . These data indicate that MAB4 family proteins in the initiation sites of organ primordia contribute to the change in auxin flow through the control of PIN1 localization.
Analysis of auxin behavior using DR5rev::GFP and PIN1-GFP markers suggested the possibility that the switch in auxin flow pattern might be induced by the auxin accumulated by active pumps (Fig. 1 C-I) . To determine whether MAB4 familydependent inward auxin flow is induced by auxin at the reproductive meristem, we performed an expression analysis of the MAB4 family genes in response to auxin. As expected, treatment of the shoot apex with auxin increased the promoter activity of these genes in the meristem (Fig. S5) . In addition, expression of the MAB4 family genes was analyzed in the auxin responsedeficient mp mutant. In the wild-type meristem, strong expression of MAB4 family gene promoters was found in the initiation sites of organ primordia (Fig. 3 D-F) ; however, expression was severely reduced in pin-shaped inflorescences of mp mutants (Fig. 3 G-I) . The reduction in promoter activities was also found during embryogenesis (Fig. S6) . Furthermore, mp mutation blocked auxin-induced up-regulation of the MAB4 family gene expression in the meristem (Fig. S7) . These results indicate that auxin could up-regulate expression of the MAB4 family genes via MP activity. The MAB4 family genes have several auxin-responsive elements (AuxREs) (TGTCTC/GAGACA) in their promoter regions to which auxin response factors can bind (26, 27) : there are five AuxREs in MAB4, two in MEL1, and one in MEL2 (Fig. 3J) . To investigate the contribution of AuxREs to their promoter activities in the inflorescence meristem, mutations were inserted into the AuxREs of the MEL1 and MEL2 promoters, as previous described (28) (Fig. 3J) . Promoters with mutated AuxREs showed severely reduced activities (Fig. 3 K-N) . Thus, MP activates expression of MAB4 family genes in the initiation sites of organ primordia by binding to the gene promoter sequences. Our findings suggest that MP is involved in the switch in auxin flow during flower development in addition to MAB4 family genes. In pin-shaped inflorescences of the mp-T370 mutant, PIN1 was strongly expressed in the L1 layer cells and was normally localized to the anticlinal side of the plasma membrane (Fig. 3 O-Q) . Convergence points of PIN1 polarity were normally found at the apex of the mutant meristem (Fig. 3 P and Q) . However, no obvious PIN1 signals were detected in the inner side of the plasma membrane in mp meristems, as well as in the mab4 mel1 mel2 meristem (Fig. 3 P and Q, and Fig. S2 ). Although many of mp meristems displayed no signal of DR5rev::GFP (Fig. S8A) , DR5rev:: GFP was occasionally expressed over all of the epidermis of mp meristem (Fig. S8B) . These results indicate that mp causes the loss of inward auxin transport from the L1 layer as well as mutation in the MAB4 family genes. Taken together, our observations suggest that MP-mediated auxin response establishes inward auxin transport through the up-regulation of MAB4 family genes.
L1-Specific MAB4 Induces Auxin Response in Inner Cell Layers Through a Shift in PIN1 Localization. Auxin response was previously shown to be restricted to the L1 layer before the switch in auxin flow (Fig. 1C) ; this suggests that the induction of MAB4 family genes in response to auxin in the L1 layer is involved in the initiation of inward auxin transport at the sites of incipient organ primordia. To test this possibility, we expressed MAB4 in an L1-specific manner in the mab4 mel1 mel2 mutant background in which auxin accumulates in the L1 layer due to the failure of inward auxin transport. To identify changes in auxin flow, a plasmid expressing MAB4 cDNA driven by the L1-specific promoter pATML1 was transformed into DR5rev::GFP-or PIN1-GFPexpressing mab4-2 mel1-1 mel2-1 triple mutants. We found that L1-specific MAB4 expression almost completely rescued the mab4 mel1 mel2 mutant phenotypes (Figs. 1B and 4A) . The transgenic plants produced flower primordia and floral meristems around the inflorescence meristem with a phyllotactic pattern similar to that of the wild type (Fig. 4 E and G) , whereas the mab4 mel1 mel2 triple mutant formed no flower meristems in the tip of the inflorescence (Fig. 4F) . The L1-specific MAB4 expression in the transgenic plants was confirmed by an immunolocalization analysis using a MAB4 antibody (Fig. 4 H-J) . MAB4 was expressed not only in the L1 layer but also in the inner cell layers of flower primordia of wild-type plants, but not in mab4-2 mel1-1 mel2-1 triple mutants (Fig. 4 H and I) . In the transformants, MAB4 was expressed specifically in the L1 layer, but not in inner cell layers (Fig. 4J) . As expected, when MAB4 was expressed specifically in the surface of the mab4 mel1 mel2 triple mutants, the expression of DR5rev::GFP expanded into the inner cell layers compared with that in the triple mutants (Figs.  1J and 4B) . At the same time, DR5rev::GFP expression in the L1 layer narrowed to a small region around the meristem. Furthermore, L1-specific expression of MAB4 localized PIN1-GFP to the inner side of the plasma membrane of L1 cells at the flower primordia initiation sites (Fig. 4 C and D) . These results indicate that MAB4 in the L1 layer alters auxin flow by inward PIN1 relocalization, resulting in an inward shift of auxin accumulation in the incipient organ primordia. This switch in auxin flow is sufficient for continued progression of flower development.
A Model for Auxin-Dependent Development of Flower Primordia. Our findings provide evidence for the existence of two distinct molecular pathways controlling PIN1 polarization in flower development and reveal a molecular framework for the switch between these two pathways. Mutation of three MAB4 family genes specifically affects the basipetal PIN1 polarization, but not the convergence of PIN1 polarity in the L1 layer. This suggests that PIN1 convergence is at first MAB4 independent, but that subsequent basipetal PIN1 polarization is under the control of MAB4 family genes. PID may function in the convergence of PIN1 polarity, because loss of function of PID results in basal PIN1 targeting and leads to failure to establish local auxin accumulation (16) . PID (or other factors) may mediate the PIN1 convergence in the L1 layer that induces auxin accumulation at the initiation site of organ primordia (Fig. 4K) . Auxin triggers the activation of the auxin-responsive transcription factor MP in the L1 layer. Auxin-activated MP then induces expression of MAB4 family genes, which establishes inward auxin transport through basipetal PIN1 polarization in the L1 layer, possibly by affecting PID activity. Recently, NPH3, homologous to MAB4 family proteins, was reported to function as a substrate adapter in a CULLIN3-based E3 ubiquitin ligase for PHOTOTROPIN1 (PHOT1), which is a member of the same AGC kinase family as PID (29) . Ubiquitination of PHOT1 modifies its activity through the control of the stability and localization of PHOT1 in phototropic response. The resulting accumulation of auxin in the inner cell regions also upregulates MAB4 family gene expression via the activation of MP. Again, MAB4 family proteins localize PIN1 basally and promote inward auxin transport in the inner cells of the inflorescence meristems. This intercellular positive-feedback mechanism enables consecutive PIN1 polarization and can explain the gradual establishment of inward auxin transport from the L1 layer. In this way, inward auxin flow provides sufficient auxin for inner cells to undergo cell proliferation, leading to organ outgrowth. Proper organ growth along the proximal-distal axis requires polarized cell proliferation and not random proliferation. When we fully complemented the triple mutant with L1-specific MAB4 (Fig. 4) , the auxin response in the distal region of the subepidermal cells sufficed for normal organ growth. Distally located cells might proliferate more rapidly than proximally located cells in response to auxin from the tip of the organ primordium. Currently, however, the function of MAB4 family genes in subepidermal cells of organ primordia remains unknown. Interestingly, similar observation was recently reported. PIN1 expression in the L1 layer is sufficient for correct organ development with phyllotactic patterning (30) . Further detailed analyses will provide biological insight into the roles of interlaminar connection in organ development. In summary, our study provides experimental proof for a theoretical model of aerial organ development and uncovers an unexpected mode of action of auxin based on a difference between the outermost and inner cell layers. The continued development of the organ primordium requires more than auxin on the surface, but rather needs an L1-to-inner cell layer auxin supply.
Materials and Methods
Plant Materials and Growth Condition. Arabidopsis thaliana accession Columbia (Col) was used as the wild type. The following mutant alleles and transgenic plants were used: mab4-2 (Col) (18), mel1-1 (Col) and mel2-1 (Col) (21), mp-T370 (Ler) (31), PIN1-GFP (Col) (32), DR5rev::GFP (Col) (16), pLFY-GUS (Col) (24), pMEL1-MEL1-GFP (Col), pMEL2-MEL2-GFP (Col), pMAB4-GUS (Col), pMEL1-GUS (Col), and pMEL2-GUS (Col) (21) . Plants were grown on soil as previously described (33) .
Transgenic Plants. To construct the plasmid pMEL1(aB)-GUS, pMEL1(Ab)-GUS, pMEL1(ab)-GUS, and pMEL2(a)-GUS, point mutations were introduced into the AuxREs of the MEL1 and MEL2 promoters by PCR amplification of the plasmids containing wild-type promoters. The following primer pairs were used: pMEL1-mA-fw (5′-GATTTTCACAGTGTTGGCTCCTTAAG-3′) and pMEL1-mA-rv (5′-CTTAAGGAGCCAACACTGTGAAAATC-3′); pMEL1-mB-fw (5′-TAGTG-GTGTTGGCTCATGATTAAG-3′) and pMEL1-mB-rv (5′-CTTAATCATGAGCCAA-CACCACTA-3′); and pMEL2-mA-fw (5′-ATTCTTCGATTGAGCCAAATCCTGGG-TTAT-3′) and pMEL2-mA-rv (5′-ATAACCCAGGATTTGGCTCAATCGAAGAAT-3′). In the construction of pMEL(ab)-GUS, PCR amplification was performed from the mutated MEL1 promoter, pMEL1(aB), using the primers pMEL1-mB-fw and pMEL1-mB-rv. After PCR amplification, the templates were digested with DpnI. Then, the mutated promoters were inserted upstream of the GUS gene in the binary vector pBI101. For pATML1-MAB4, MAB4 cDNA was cloned using PCR and inserted under the ATML1 promoter in the plasmid pATML::NOSt in the pGreen II vector (34) . Then, pATML-MAB4::NOSt was transferred into the pBIN50 vector. These plasmids were introduced into Col using Agrobacterium tumefaciens strain MP90. pMEL1(aB)-GUS, pMEL1(Ab)-GUS, pMEL1(ab)-GUS, and pMEL2(a)-GUS vectors were transformed into Col by the floral dip method (35) . pATML1-MAB4 was transformed into heterozygous mab4-2 and mel1-1, and homozygous mel2-1 plants expressing DR5rev::GFP or PIN1-GFP. For pMEL1(aB)-GUS, pMEL1(Ab)-GUS, pMEL1(ab)-GUS, and pMEL2(a)-GUS, transformants were selected on germination medium containing 30 μg/mL kanamycin; for pATML1-MAB4, selection was performed using 20 μg/mL hygromycin. Homozygous lines were identified in the T3 generation, and T3 or T4 homozygous lines were used for the reporter analysis.
Microscopy. Confocal laser-scanning microscopy (FV1000; Olympus) was carried out on inflorescence meristems mounted in Murashige and Skoog (MS) liquid medium [1/2 MS salt mixture and 1% (wt/vol) sucrose]. Confocal microscopy-based 3D imaging was carried out using pin-shaped inflorescence meristems mounted in 1% agarose medium. The 3D reconstructions were performed using ImageJ to adjust the z axis. Then, reconstructed inflorescences were sectioned transversely at 10-μm intervals using ImageJ.
GUS Staining. To detect GUS activity, tissues were fixed in chilled 90% (vol/vol) acetone for 15 min and washed briefly twice with 100 mM phosphate buffer. Fixed tissues were stained at 37°C in the dark with the solution described previously (36) . Stained tissues were dehydrated in a graded ethanol series [30%, 50%, 70%, 90%, and 100% (vol/vol)] for 15 min and then rehydrated in a graded ethanol series [90%, 70%, 50%, and 30% (vol/vol)] for 15 min. Tissues were cleared as previously described (37) and analyzed using an Eclipse E800 Nomarski microscope (Nikon).
Immunolocalization. Immunofluorescence analysis of sections of inflorescence meristems was performed as described previously (2) . Antibodies were diluted as follows: 1:500 for rabbit anti-MAB4, 1:200 for goat anti-PIN1 (Santa Cruz Biotechnology), 1:500 for Alexa 488-and Alexa 647-conjugated antigoat and -rabbit secondary antibodies (Invitrogen), respectively.
